Introduction
Insulin resistance is a frequently observed side effect of highly active antiretroviral therapy (HAART). Currently, very little is known about the mechanisms or specific tissues involved. We aimed to identify possible defects in skeletal muscle glucose uptake and metabolism in HIV patients receiving HAART. Whole-body glucose disposal and oxidation were determined by combination of the euglycemic-hyperinsulinemic clamp technique and indirect calorimetry. Muscle glucose uptake of the thighs was measured simultaneously by dynamic 2[ 18 F]fluoro-2-deoxy-D-glucose positron emission tomography. Patients receiving HAART had signs of lipodystrophy as confirmed by dual energy x-ray absorptiometry. Whole-body glucose disposal was significantly reduced in these patients compared with untreated patients. Analysis of kinetic constants using a three-compartment model indicated reduced skeletal glucose uptake caused by significantly impaired glucose transport and phosphorylation. Skeletal muscle glucose uptake was reduced by 66% in treated patients and explained 46% and 43% of whole-body glucose disposal in patients on HAART and therapy-naive patients, respectively. Insulin-stimulated whole-body oxidative and nonoxidative glucose disposal was significantly lower in the treated group, as was suppressive insulin action on lipolysis. To our knowledge, this is the first report providing in vivo evidence that, in lipodystrophic HIV patients, impaired glucose transport and phosphorylation cause reduced insulin-mediated glucose uptake.
potentially important site of insulin resistance. It has been difficult to assess the in vivo rates of insulin-stimulated glucose uptake and phosphorylation in humans. The "glucose clamp" method determines insulin sensitivity but does not separate glucose transport and phosphorylation from subsequent steps of metabolism. Therefore, we have employed positron emission tomography (PET) imaging of skeletal muscle uptake of a short-lived tracer, 2[ 18 F]fluoro-2-deoxy-D-glucose . This provides a technology for analogous in vivo assessment of glucose transport and phosphorylation (13, 14) .
The current study was undertaken to test the hypothesis that impaired glucose transport and/or phosphorylation within the skeletal muscle contribute to the insulin resistance in HIV patients that develop lipodystrophy during HAART. We performed dynamic PET imaging of mid-thigh muscle F-18-FDG uptake during insulin-stimulated conditions, together with indirect calorimetry in both therapy-naive patients and HAART-treated patients with signs of lipodystrophy. Our findings provide the first in vivo evidence, to our knowledge, that impaired glucose transport together with impaired glucose phosphorylation significantly accounts for insulin resistance in patients with lipodystrophy receiving HAART.
Methods
Patients. Six male HIV-infected patients receiving HAART including a protease inhibitor (three receiving zidovudine plus 3TC, one d4T plus ddI, and two d4T and 3TC; two receiving ritonavir plus indinavir, one ritonavir plus saquinavir, one saquinavir, one nelfinavir, and one lopinavir/ritonavir) were compared with six male therapy-naive HIV patients. Both groups' physical and disease-related characteristics are presented in Table 1 . None of the patients received other medication known to affect insulin sensitivity. The nature, purpose, and potential risks of the study were explained to all subjects before they gave their written informed consent to participate. The study was approved by the Ethical Committee of the Hannover Medical School.
Body composition analysis. Body composition analysis included anthropometric measurements, bioelectrical impedance analysis (BIA), dual energy x-ray absorptiometry (DEXA), and 24-hour urinary creatinine and urea excretion analysis. Whole-body muscle mass was calculated from arm muscle area according to the method of Heymsfield et al. (15) and from creatinine excretion assuming that 1 g creatinine = 18.5 kg muscle (three consecutive 24-hour urine collections) (13) . DEXA (Lunar DPX-IQ; Lunar Corp., Cologne, Germany) was used to measure total body fat, truncal and abdominal fat, and fat-free mass (FFM). BIA included assessment of total body water, fat, and FFM by a radiofrequency current of 800 µA at 50 kHz (RJL Systems Inc., Detroit, Michigan, USA) as described (16) .
Experimental design. All patients received an isocaloric diet (approximately 30 cal/kg/d; carbohydrate/protein/ fat 50%/15%/35%) for 3 days before PET examination.
All patients receiving HAART were advised to take their antiretroviral drugs as they normally did. Hence, medication was taken 1-3 hours before the start of the clamp. Following a 12-hour overnight fast, the indirect calorimetry was initiated (minute -50), a normoglycemic hyperinsulinemic clamp was performed (0 minutes), and the dynamic PET scan was started at 90 minutes. Two peripheral venous catheters were inserted, one into an antecubital vein for the infusion of test substances, and the other retrogradely into a wrist vein for blood sampling. The hand was then placed in a box heated at 50-60°C to achieve arterialization of the blood. The subjects were lying supine, were asked to remain motionless and awake, and were allowed 30 minutes to equilibrate to the environment.
Respiratory gas exchange measurements. Respiratory gas exchange measurements were performed using a ventilation hood open circuit indirect calorimeter (Deltatrac Metabolic Monitor; Datex Instruments Inc., Helsinki, Finland) (16) . Gas exchange analysis was started at -50 minutes and continued until the end of the study at 150 minutes. Indirect calorimetry data were calculated as mean values during the last 30 minutes of both periods: basal, -30 to 0 minutes, and clamp, 120-150 minutes. Substrate oxidation rates were calculated according to previously published methods (13, 16) . Rates of protein oxidation were used to determine the nonprotein respiratory quotient (NPRQ). Glucose and lipid oxidation rates were determined based on an NPRQ of 0.707 for 100% fat oxidation and 1.00 for 100% glucose oxidation. Protein oxidation was calculated from the urinary urea excretion after correction for changes in the urea pool (17) , considering the urea distribution volume equivalent to the total body water from BIA assessment.
Whole-body glucose uptake. Whole-body glucose uptake was determined using the euglycemic-hyperinsulinemic clamp technique (insulin infusion rate 1 mU/kg/min) performed as previously described from 0 to 150 minutes (13, 18) . Blood glucose was monitored every 5 minutes during the insulin infusion, and euglycemia was maintained throughout the clamp by infusing 20% dextrose at a variable rate. The steady state for arterialized plasma glucose concentrations was always reached and maintained after 90 minutes. Calculation of whole-body glucose metabolism (glucose disposal) was based on the glucose infusion rate after correction for changes in the glucose space (18) . The metabolic clearance rate for insulin was computed as described by DeFronzo et al. (18) . Glucose oxidation was calculated from respiratory gas exchange data, and nonoxidative glucose metabolism was taken as the difference between glucose disposal and glucose oxidation. All data were normalized for kg of FFM.
PET and data analysis. Subjects were positioned in an ECAT Exact 922 PET scanner (CTI Molecular Imaging Inc., Knoxville, Tennessee, USA/ Siemens Medical Systems Inc., Hoffman Estate, Illinois, USA) (reconstructed image resolution 7 mm [full width at half-maximum], 16 cm transaxial field of view) with the mid-thigh corre-sponding to the scanner's axial field of view. A 30-minute transmission scan was collected to measure individual attenuation coefficients, which were applied during reconstitution of images for quantitative mapping of radioactivity. Dynamic F-18-FDG PET imaging comprised 12 frames at 10-second intervals, 12 frames at 15 seconds, 10 frames at 30 seconds, 4 frames at 5 minutes, and 3 frames at 10 minutes. A blood sample per time frame was collected during dynamic scanning for measurement of plasma radioactivity withdrawn during dynamic scanning. A three-compartment model for F-18-FDG tissue activity in skeletal muscle was used to derive rate constants of F-18-FDG uptake, transport, and phosphorylation ( Figure 1) (13, 14) .
According to this model, the first-order rate constant, k 1 (ml/min/ml), reflects clearance of F-18-FDG from blood into the tissue compartment that includes both intracellular and interstitial space. The rate constant k 2 (min -1 ) cannot be attributed to a single defined process like glucose transport out of the muscle. k 2 rather represents outward transport of free (nonphosphorylated) F-18-FDG from the intracellular space back into plasma. It may also reflect returning F-18-FDG by diffusion to the plasma from the interstitial space, because it has not entered into the myocyte. The rate constants k 3 (min -1 ) and k 4 (min -1 ) refer, respectively, to the phosphorylation of F-18-FDG via the hexokinase reaction and dephosphorylation of F-18-FDG-6-P via the glucose-6-phosphatase reaction.
Arterialized blood time-activity curves were used as an input function. The model assumes that F-18-FDG is administered in trace amounts, glucose metabolism in tissue is in steady state, the transport of F-18-FDG and F-18-FDG-6-P between compartments has firstorder kinetics, and plasma glucose concentration is constant. Rates of glucose utilization (k 3 ) can be estimated using modeling from dynamic data. In this work it was further assumed that k 4 was negligible over the duration of the study since phosphorylated F-18-FDG is not further metabolized to any appreciable extent due to low amounts of glucose-6-phosphatase. The local metabolic rate (K) of F-18-FDG is calculated from the relationship of the individual rate constants according to the equation
. The local metabolic rate K (ml/min/ml) for F-18-FDG is related to glucose consumption by a factor termed the lumped constant (LC) as the denominator. The LC is the ratio of analog (F-18-FDG) to true glucose. Recent studies (19, 20) estimated the LC to be 1.2 for skeletal muscle in healthy volunteers and obese or type 2 diabetic subjects during euglycemic insulin-stimulated conditions and revealed that the LC appears not to be as sensitive to insulin stimulation or resistance as glucose transport is (k 1 ).
We calculated two additional parameters. The ratio k 1 /k 2 corresponds to the distribution volume of free F-18-FDG (DV CE ) and reflects glucose transport. Because the amount of free glucose in the intracellular space is regarded as very small compared with that in the interstitial space, an elevated value of k 2 may reflect free F-18-FDG that has entered the interstitial space from plasma but has not entered the intracellular space. Accordingly, impaired glucose transport may be reflected by reduced k 1 and increased k 2 . The phosphorylation fraction (PF) of F-18-FDG [PF = k 3 /(k 2 + k 3 )] reflects the disposition for nonphosphorylated F-18-FDG within the tissue compartment to be phosphorylated or to return from the tissue compartment back to the plasma compartment. It has a theoretical range of values from 0 to 1. PF can be interpreted as an index of the extent to which glucose phosphorylation serves as the rate-limiting step of glucose metabolization compared with glucose transport. The decrease of PF toward a value of 0 reflects a situation where phosphorylation is rate-limiting (20, 21) .
Other measurements. Arterialized venous blood samples were taken at basal (0 minutes) and after 120 minutes for determination of the serum or plasma concentration of insulin, C-peptide, and proinsulin, and after 140 minutes for urea, FFAs, acetate, and β-hydroxybutyrate. Oral glucose tolerance (OGT) test was performed as described recently (3) on a separate day. Fasting glucose and insulin levels from the day of OGT and PET study were used to calculate insulin resistance index by the homeostasis model assessment (HOMA) (22) . The concentrations of insulin and C-peptide were measured by commercially available RIAs (Insulin RIA from Pharmacia Diagnostics Inc., Freiburg, Germany; C-peptide RIA from Diasorin Inc., Düsseldorf, Germany). Lipoproteins (LDL, HDL, VLDL) and apolipoproteins (apoA-I, apoA-II, apoB, apoE, and lipoprotein [a]) were determined as described recently using nephelometric quantification (3). Nonesterified FFAs were measured by an enzymatic assay (NEFA C; Wako Chemicals Inc., Neuss, Germany). Soluble TNF-α receptors were analyzed using specific immunoassays as described elsewhere (23) . CD4 lymphocyte cell count was determined by flow cytometry and HIV-RNA copies by quantitative PCR (Amplicor HIV-1 Monitor Test; Roche Diagnostic Systems, Branchburg, New Jersey, USA). All patients had total and free testosterone, 
24-hour urinary cortisol excretion, and thyroid parameters within normal values.
Statistical analysis. All data are presented as means ± SEM. The differences between treated and untreated patients were analyzed by unpaired t test or Mann-Whitney U test, where appropriate. The Wilcoxon test was used for paired variables (basal and clamp). Correlation of two values was determined by Pearson's coefficient. Statistical calculations were performed using SPSS 10.0.7 (SPSS Science, Chicago, Illinois, USA). P values less than 0.05 were considered to indicate statistical significance.
Results
Body composition. Both patient groups had comparable mean total body fat mass and mean FFM as determined by DEXA and BIA. Patients on HAART, however, showed evidence for lipodystrophy with peripheral fat loss and relative increase in abdominal fat mass, assessed by DEXA and confirmed by anthropometric parameters (Table 1) . HAART was associated with mixed hyperlipidemia and significantly increased values for triglycerides, VLDL, apoB, and apoE (data not shown) in concordance with earlier observations (3, 24) .
Insulin sensitivity. Patients with or without treatment had comparable fasting glucose concentrations (mean 5.32 ± 0.5 mmol/l vs. 4.65 ± 0.3 mmol/l, P = 0.33). Euglycemia was maintained during the insulin infusion, with mean glucose levels of 5.3 ± 0.19 mmol/l vs. 4.69 ± 0.24 mmol/l in treated and untreated subjects, respectively. During insulin infusion, plasma insulin increased in the treated group from basal 229.3 ± 44.3 pmol/l to 606.3 ± 164.3 pmol/l, and, in the therapy-naive group, from basal 131.5 ± 41.6 pmol/l to 248.8 ± 23.4 pmol/l (P = 0.002 between groups). The metabolic clearance rate for insulin was significantly reduced in patients on HAART (P = 0.005; Table 1 ). C-peptide concentrations decreased in both groups during the clamp, as expected. Patients on HAART had significantly lower rates of insulin-stimulated whole-body glucose uptake (M) compared with therapy-naive patients (14.2 ± 0.5 µmol/kg/min vs. 32.2 ± 4.0 µmol/kg/min, P = 0.001; Figure 2 ). In line with the clamp data, the HOMA insulin resistance index was significantly different between the groups (Table 1) . Across the entire study population, HOMA insulin resistance index and M were correlated with the percent truncal to percent extremity fat ratio (r = 0.61, P = 0.034, and r = -0.69, P = 0.013, respectively). In therapy-naive patients the oxidative glucose metabolism during clamp conditions increased significantly (11.7 ± 2.4 µmol/kg/min) compared with basal conditions (5.0 ± 1.3 µmol/kg/min, P = 0.028) and was higher compared with that of patients on treatment (5.3 ± 1.33 µmol/kg/min, P = 0.042) (Figure 3) . In contrast, patients on HAART presented, during clamp, only a slight increase in oxidative glucose disposal (basal 4.0 ± 0.9 µmol/kg/min) and a significantly lower nonoxidative glucose metabolization (8.9 ± 1.6 µmol/kg/min vs. 20.3 ± 4.0 µmol/kg/min; Figure 3) . Importantly, when a correction was made considering the differences in whole-body glucose uptake, the percentage of oxidative and nonoxidative glucose metabolism of mean total glucose uptake during the clamp was identical in both groups: 37% was metabolized by oxidation and 63% was metabo-
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The lized by the nonoxidative pathway. Therefore, insulinstimulated total-body glucose disposal, total oxidative glucose disposal, and total nonoxidative glucose disposal were reduced by approximately 50% in the patients on HAART.
PET study. Uptake of F-18-FDG into the mid-thigh muscle (K) was significantly lower in the group receiving HAART (0.00311 ± 0.00077 ml/min/ml vs. 0.00730 ± 0.00123 ml/min/ml, P = 0.015). K is calculated from the rate constants k 1 , k 2 , and k 3 , which respectively represent inward transport, outward transport, and phosphorylation of F-18-FDG. The rate constants for both groups are presented in Figure 4 . There was no difference in the rate constants for inward transport (k 1 ) into skeletal muscle. During insulin infusion, however, the rate constant for phosphorylation of glucose (k 3 ) was significantly reduced in patients receiving HAART (0.03875 ± 0.00923 min -1 vs. 0.09964 ± 0.01508 min -1 , P = 0.016), whereas the rate constant k 2 (back diffusion from interstitial space/back transport from intracellular space) was higher in these patients. Across all patients, whole-body glucose uptake was significantly correlated with K and k 3 ( Figure 2) . The values for DV CE (0.0946 ± 0.0058 ml/ml vs. 0.1391 ± 0.0156 ml/ml, P = 0.041) and PF (0.1589 ± 0.0358 vs. 0.4384 ± 0.0615, P = 0.004) were each significantly higher in therapynaive patients than in patients on HAART ( Figure 5 ). The correlation between whole-body glucose uptake (M) and PF was highly significant (r = 0.78, P = 0.003). Finally, muscle glucose uptake calculated from PET data and from anthropometric or urine creatinine excretion measurements revealed that the contribution of whole-body muscle glucose uptake to whole-body glucose uptake was 46% (range 30-110%) and 43% (range 28-60%) in patients on HAART and therapynaive patients, respectively. Skeletal muscle glucose uptake was reduced by 66% in patients receiving HAART compared with untreated patients (1.25 ± 0.29 µmol/100 g muscle per minute vs. 2.82 ± 0.48 µmol/100 g muscle per minute, P = 0.02).
Indirect calorimetry. Basal VO 2 was 274.7 ± 12.5 ml/ min in the group receiving HAART and 276.6 ± 20.5 ml/min in therapy-naive patients. Basal respiratory quotient (RQ) was 0.78 ± 0.01 and 0.78 ± 0.02, respectively. In the last 30 minutes of the clamp, RQ increased significantly to 0.85 ± 0.2 (P = 0.023) in the therapynaive group compared with the group receiving HAART, which had an unchanged mean RQ. The mean basal energy expenditure (patients on HAART, 1,839.6 ± 85.1 kcal/d, 119% ± 2% Harris-Benedict prediction [HB]; vs. therapy-naive patients, 1,862.7 ± 136.1 kcal/d, 108% ± 5% HB) remained stable during insulin-infusion in patients receiving HAART and decreased slightly in therapy-naive patients (1,791.6 ± 124.9 kcal/d, 104% ± 4% HB, P = 0.007 between groups). Patients on HAART had comparable rates of fat oxidation during basal and clamp conditions (1.2 ± 0.27 mg/kg/min vs. 1.14 ± 0.07 mg/kg/min), whereas therapy-naive patients showed reduced fat oxidation, from basal 1.3 ± 0.19 mg/kg/min to 0.65 ± 0.18 mg/kg/min during insulin infusion (P = 0.028 within the group; P = 0.03 between groups during clamp).
Figure 2
Whole-body glucose utilization during euglycemic-hyperinsulinemic clamp. The left panel represents the insulin-stimulated systemic glucose uptake (M) per kg FFM during clamp in both patient groups. The middle and right panels depict the correlation between whole-body glucose utilization and the rate constants k 3 (middle) and K (right) for F-18-FDG uptake from three-compartment modeling. K is a PET parameter of F-18-FDG clearance from blood to muscle. To address the role of other factors known to contribute to insulin resistance and predicted to be important in HIV-infected individuals, we determined levels of FFAs and the activation status of the TNF system. During basal conditions, FFAs were comparable in both groups, but insulin-mediated suppression of FFAs was clearly diminished in patients on HAART compared with untreated patients (Table 2) . Ketone bodies decreased significantly only in the therapy-naive group. Like the insulin resistance parameters (HOMA index and M), the insulin-mediated suppression of lipolysis as indicated by FFAs concentration during clamp was significantly associated with the percent truncal to percent extremity fat ratio (r = 0.826, P = 0.001). Finally, the soluble TNF receptor analysis revealed no difference in levels of both soluble TNF receptor 1 (sTNFR1) and sTNFR2 (Table 1) .
Discussion
HAART has significantly improved the survival and prognosis of HIV-infected individuals. However, until now, side effects such as lipodystrophy and metabolic disturbances have not been pathogenetically elucidated. The current study reveals several important new observations regarding the major site and mechanisms of insulin resistance during antiretroviral therapy. Using PET, we provide direct in vivo evidence that impairment of glucose transport and phosphorylation contributes significantly to impaired systemic glucose uptake in patients receiving HAART. In addition, our study demonstrates the skeletal muscle as a primary site of impaired peripheral glucose utilization. The total insulin-stimulated glucose disposal in patients receiving HAART was less than 50% of that in the therapy-naive control group. At the same time, whole-body glucose oxidative disposal and nonoxidative disposal were depressed to a similar extent. These data extend recent in vitro studies (11, 12, 25, 26) proposing impairment of intrinsic GLUT4 activity or inhibition of GLUT4 translocation following incubation with indinavir, resulting in impaired glucose transport, as a major cause for insulin resistance. The role of glucose phosphorylation, however, has not yet been assessed, and the differences between in vitro and in vivo results may depend on different tissues, drugs and drug combinations, pharmacokinetic conditions, and secondary factors like FFA and lipodystrophy. We hypothesize that acute insulin resistance induced by protease inhibitors in HIV patients may mainly depend on primary drug-related mechanisms (8) . This condition is later augmented and maintained by more complex abnormalities of the lipid metabolism, the development of peripheral fat loss and central obesity, and mitochondrial toxicity induced by nucleoside reverse transcriptase inhibitors. As a result, impaired glucose transport and glucose phosphorylation contribute to insulin resistance in patients with lipodystrophy receiving HAART. Interestingly, lipodystrophic patients presented with markedly elevated resting energy expenditure and decreased insulin-induced thermogenesis during clamp; this presentation resembles known abnormalities observed in individuals with insulin resistance and diabetes. The reduction or delay in thermogenesis in the control group was quite unexpected and needs to be confirmed in further studies. Minor insulin resistance, already increased basal resting energy expenditure, and HIV-induced mitochondrial damage are possible factors explaining this observation.
The question remains, where and how is skeletal muscle glucose phosphorylation affected in lipodystrophic patients? With respect to the proportions of the total glucose disposal that are oxidative or nonoxidative metabolized, patients on HAART presented with 50% reduced disposals of both pathways. Thus, we speculate that glucose phosphorylation is inhibited immediately following glucose uptake in the muscle cell, affecting both metabolic pathways to a similar
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Figure 4
Rate constants from three-compartment modeling of dynamic PET for F-18-FDG metabolism. Comparison of therapy-naive patients (white regions) and patients on HAART (gray regions). k 1 (ml/min/ml) and k 2 (min -1 ) represent the inward and outward transport, respectively, from the extracellular into the intracellular compartment. k 3 (min -1 ) is the rate constant for the phosphorylation of F-18-FDG. Data are median and interquartile range; the bars represent the complete range. P values represent results of Mann-Whitney statistics between groups.
Figure 5
Differences in the distribution volume (DV CE ) and the PF of F-18-FDG metabolism. DV CE (left panel) reflects glucose transport, and PF (right panel) quantitatively describes the relative influence of glucose phosphorylation on the overall rate of glucose utilization. Both parameters were significantly higher in therapy-naive patients (white regions) than in patients with lipodystrophy on HAART (gray regions).
extent. Mitochondrial dysfunction and impaired oxidative capacity (especially in skeletal muscle) caused by nucleoside-analogue reverse transcriptase inhibitors (NRTIs) are well-known side effects of antiretroviral therapy (27) (28) (29) . These mechanisms could also account for an impaired hexokinase activity in patients receiving HAART. Given that hexokinase, as an ATP-requiring enzyme, might have privileged access to ATP produced by oxidative phosphorylation, and that binding of hexokinase isoenzymes to mitochondria has been considered as a potential mechanism for the regulation of enzyme activity and glucose metabolism (30), the NRTI-related mitochondrial toxicity could be of particular importance. Mitochondrial damage by NRTI, for example, could reduce the amount of mitochondria-bound hexokinase and increase the level of free hexokinase with considerably higher sensitivity to inhibition by glucose-6-phosphate. Alternatively, impaired oxidative phosphorylation could limit the source and utilization of ATP in formation of glucose-6-phosphate (30) . Impaired hexokinase activity and ATP production may also explain a synergistic effect of protease inhibitor-induced impairment of glucose transport and NRTI-associated mitochondrial dysfunction, leading to a higher incidence of lipodystrophy and insulin resistance in patients treated with a combination of NRTI and protease inhibitors (31, 32) . Other direct drug-mediated events downstream of the glucose metabolization pathway, such as inhibition of citrate synthase activity by zidovudine, could facilitate this process (33) . Further studies using nuclear magnetic resonance spectroscopy might be able to distinguish the mechanisms affecting the glucose transport, phosphorylation, oxidation, and storage in more detail. The finding that skeletal muscle is the main site of insulin resistance in patients on HAART does not exclude a pathogenetic role for other tissues. The patients described here were hyperlipidemic and clearly demonstrated signs of abnormal fat redistribution (peripheral fat loss and central obesity) confirmed by DEXA and anthropometric methods. Also, the elimination of the insulin-mediated suppression of lipolysis and fat oxidation, even in the presence of considerably higher insulin levels in patients on HAART, clearly demonstrates impaired insulin action in this metabolic pathway. The molecular mechanism for this event remains to be determined. Increased intraabdominal fat, impaired insulin-mediated suppression of lipolysis, and perhaps protease inhibitor-induced lipolysis, as demonstrated in vitro (11, 34) , can give rise to elevated concentrations of unesterified fatty acids (35) . Consequently, these secondary factors may well play a pivotal role in the pathogenesis of the lipodystrophy syndrome and may explain several metabolic features of these patients. Increased FFA would lead to reduced glucose utilization by inhibition of carbohydrate oxidation, stimulate hepatic glucose production, and enhance insulin secretion. FFAs have also been suggested to impair insulin signaling and to reduce glucose transport activity, most likely altering GLUT4 trafficking or activity (36) . Other authors provide evidence for an FFA-mediated proportional reduction of both glycogen synthesis and glycolysis by inhibition of glucose transport and/or phosphorylation, which could be relevant to this study (37) . Even more importantly, FFA can have a direct effect on the hexokinase activity (38) . Increased FFA may also explain the impaired insulin extraction by the liver (39), since patients on HAART presented with significantly reduced insulin clearance rates during clamp. Finally, there is solid evidence that FFA promoted gluconeogenesis, and regulation of endogenous glucose production is an important determinant of glucose tolerance and fasting glucose levels (36, 37, 40) . This is consistent with an association of lipodystrophy under HAART with reduced suppression of endogenous (hepatic) glucose production (41) . The insulin concentrations achieved in the present study in the patients with lipodystrophy, however, are much higher than in reports by others (41) and should be sufficiently elevated to effectively decrease hepatic glucose production to negligible values. We cannot exclude a potential bias due to minor hepatic glucose production in the calculations of the whole-body glucose uptake. This, however, would not affect any of the conclusions based on the rate constants obtained by the PET.
Although they interfere with the interpretation of some group differences, high insulin levels are necessary to allow a correct calculation of the whole-body glucose uptake given the likely hepatic insulin resistance in patients with lipodystrophy (41) . On the other hand, resulting group differences need to be considered in the interpretation of the study. One might question whether the considerable group differences in insulin levels during the clamp modulate the respective contributions of glucose transport and phosphorylation to systemic glucose uptake. A recent The interpretation of data based on modeling techniques is limited by several factors. Optimal validation of the dynamic modeling and of the assumptions for the three-compartment four-rate constant model is difficult to achieve, and, consequently, resulting data do not necessarily provide ultimate answers. Possible bias could result from non-uniform distribution of material (e.g., F-18-FDG, hexokinase) in individual pools, use of a glucose analog instead of glucose, and mutual influences of rate constants employed to assess the role of glucose transport and phosphorylation in insulin resistance (29, 41) . As an example, the PF and DV CE values are significantly influenced by the rate constant k 2 , which represents a transport parameter. Thus, the differences in PF could reflect primarily transport rather than phosphorylation impairments. Values of k 3 and PF, however, were significantly correlated to whole-body glucose uptake, emphasizing an independent contribution of impaired glucose phosphorylation. We choose the three-compartment four-rate constant model for our calculations because it is currently the most commonly applied and most thoroughly evaluated model for measurements in skeletal muscle (13, 14, 20, 42, 43) .
A second limitation is that our study design cannot distinguish between the direct drug-induced mechanisms and the secondary events, like abnormal fat redistribution and increased FFAs, that lead to insulin resistance. All patients on therapy in this study received long-term treatment with different drug combinations, which confuses direct interpretation of causal relationships. Reduced insulin sensitivity has been reported in both healthy individuals and HIV-infected patients following short-term protease inhibitor therapy (indinavir) without signs of lipodystrophy, hypertriglyceridemia, or elevated FFA (6-8). We hypothesize that at least some of our results regarding impaired glucose transport and/or phosphorylation are induced directly by protease inhibitors.
There is some evidence for a role of cytokines like TNF-α in the development of both insulin resistance and HIV therapy-related lipodystrophy (35, 44) . TNF-α has multiple effects on adipocyte function, including inhibition of lipogenesis and increase of lipolysis. It has also been shown to impair insulin signaling and to reduce GLUT4 gene expression. Comparable levels of soluble TNF-α receptor levels across the entire cohort, however, are in line with results of the PET study and do not support a crucial role of TNF-α in insulin resistance in these patients.
In summary, we provide direct experimental evidence for impaired glucose transport and phosphorylation as major factors leading to reduced whole-body glucose uptake in patients receiving HAART and showing signs of lipodystrophy. At the same time, insulin-mediated suppression of lipolysis and fat oxidation is abolished in these patients. We conclude that in lipodystrophic patients receiving HAART, impairment of glucose uptake, oxidation, and storage is caused by a combination of primary drug-mediated and secondary metabolism-related mechanisms.
